Mini-vertical take-off and landing aircraft have a wide range of potential applications in urban areas. In flights in confined spaces, however, the aerodynamics of the lifting devices (e.g., tilted ducted fans) change which significantly affects the flight performance. Therefore, for a successful flight, a model is required to provide the control system with the environmental effects on the lifting devices in real time. This paper presents the study performed on a tilted ducted fan to characterize ground/wall effects and develop a practical model for online flight control. For this, computational fluid dynamic simulations were performed in Fluent, for a ducted fan at different distances from ground/wall and with different tilt angles. The incompressible Reynolds Averaged Navier Stokes (RANS) equations, with the standard k-ε model and the non-equilibrium wall function, were solved. To reduce the complexity of meshing, the fan was represented by Virtual Blade Model (VBM). A comprehensive study was performed to show that, by using the method of images and representing the fan as a single potential dipole, the fan performance can be predicted accurately on a practical range of operation. The developed potential flow model highly reduces the computational requirements and is practical to use for online semi-autonomous or autonomous navigation of ducted fan aerial vehicles.
INTRODUCTION
Developing Unmanned Aerial Vehicles (UAVs) capable of flying in confined spaces is of increasing interest due to the wide range of potential applications such as search and rescue, and indoor surveillance. Flying in confined spaces, however, is a challenge for both aerodynamic and control system design. A number of mini-UAVs have been developed (e.g., [1, 2] ) and advanced control strategies have been proposed (e.g., [3, 4] ). In most of the control strategies, however, the aerodynamic changes due to the proximity of solid boundaries (i.e., ground/wall) are neglected [5, 6] or compensated iteratively [7, 8] . Therefore, the control mechanisms are restricted to the regions far from the solid boundaries or the speed of maneuvers is restricted to the time required for the control loop to converge. For fully automated online flight control in confined spaces, an efficient algorithm must be incorporated which can predict changes in aerodynamic and lift characteristics due to the proximity of solid boundaries in real time. Due to typical weight and space limitations, however, limited processing and computational resources can be installed on mini-UAVs. Thus, providing real time prediction remains a challenge.
In the recent mini-VTOL (Vertical Take Off and Landing) aircraft, such as the one shown in Figure  1 designed for diverse operations with the potential to be used in confined spaces, ducted fans have been used frequently [2, 9] . Ducted fans have higher efficiency compared to isolated fans since the duct prevents tip vortex generation and thus reduces tip losses [10] . Moreover, ducted fans are more convenient since the casing around the blades reduces the possibility of impact with external objects. The study presented in this paper was performed on an experimental ducted fan used in the novel dual ducted fan VTOL shown in Figure 1 (called the eVader and designed by Gress Aerospace [2] ). To achieve the required agility for maneuvers in confined spaces, the ducts can tilt in many of the newly developed UAVs (e.g., the eVader) [2] . The objective of this paper is to present a practical model (i.e., capable of providing online predictions) for the changes in the performance of a tilting ducted fan hovering in the proximity to ground and wall(s).
In this work only one ducted fan was studied and the mutual flow interactions between the fans were neglected. The reason for doing this is that for systems of two unducted fans operating in GE, it has Volume 3 · Number 3 · 2011 been shown that at separations larger than 3 times the radius of the fan (center to center) the flow interactions are negligible [11] . For ducted fans this interaction is not as strong since the flow is constrained by the ducts [10] . Moreover, the centre to centre separation of the ducts (i.e., 27 in) in the experimental aerial vehicle (Figure 1 ) is 4.5 times the radius of the ducts (i.e., 6 in) and as a result the analysis of only one ducted fan is applicable to such double ducted fan vehicle. There has been an enormous body of literature studying Ground Effects (GE) on rotary-wing aircraft that has provided significant understanding of flow structures and interactions with the ground [12] [13] [14] [15] . The detailed experimental visualizations of the wake of an isolated fan in GE [12] , for example, show that the highly viscous interactions of the rotor wake with the ground greatly affect the flow characteristics and the velocity profiles at the proximity to the ground. These detailed flow studies have a great value in view of characterizing and modeling the brownout phenomenon. Brownout is the condition where the velocities at the proximity to the ground reach high values such that they can lift up dust or debris, and limit the pilot's visual domain [16] . In view of GE on the aircraft aerodynamics, however, these interactions have noticeable effects only at very close proximities to the ground. At greater distances, while GE are still significant, the viscous effects can be neglected.
One of the most comprehensive and promising computational methods to address the effect of solid boundaries on the fan performance is the Reynolds Averaged Navier Stokes (RANS) approach [17] . To solve RANS equations a suitable turbulence model for the flow under study must be employed. The downwash of a ducted fan in GE is similar to the flow field of a circular impinging jet. Due to the pervasive applications of impinging jets in engineering fields, numerous studies have examined the range of applicability of different turbulence models based on the available experimental data [18] [19] [20] [21] [22] . From these studies, it is concluded that most of the widely used models (e.g., Boussinesq viscosity models) fail to predict some of the parameters correctly in the impingement region. However, the error is local and results in large errors only in some of the sensitive parameters close to the wall [18, 19, 22] and other terms can be predicted accurately. For example, the heat transfer parameters (e.g., the Nusselt number) are predicted with up to 30% error [20] while the pressure field on the wall can be predicted very well [21] . In order to predict the sensitive parameters accurately more complex turbulence models, which require much greater computational effort, have been suggested [19] [20] [21] . These computationally expensive models, however, are not needed for predicting the fan forces in the practical distances from the ground, since for regions away from the impingement region, the common turbulent models show good consistency with experimental data [22] .
To reduce the high requirements of computational resources, the Virtual Blade Model (VBM) has been frequently used for fan modeling [23, 24] . In this model, the fan is represented as a thin disc with momentum or pressure sources defined across the disc. The VBM highly reduces the complexity of meshing and computational effort, and can accurately predict the average effects of the rotating blade (and thus the fan forces).
Another simplification that greatly reduces the complexity of flow equations and computational time is the inviscid flow assumption (Euler equations). It has been shown that, using the Euler equations, the predicted flow variables at regions close to the fan and thus the fan performance are in good agreement with the experimental data [25] .
Although these simplifications reduce the computational effort, detailed Computational Fluid Dynamic (CFD) simulations are still impractical for online applications due to the weight, resource and time limitations. For example, in view of time constraint, CFD simulations can take several days while less than a second delay can affect the control mechanism effectiveness dramatically [26] . Therefore, for online flight navigation of UAVs less expensive methods, which can provide real time predictions, are required. Developing such a quick model is a challenging task. On one hand, the flow equations must be simplified as much as possible. On the other hand, these simplifications may affect the accuracy of the prediction.
The accurate predictions of the Euler equations for the fan performance in GE [25] suggests that the viscous effects on the fan performance are negligible and thus a simplified inviscid model can be a suitable candidate for a real time model. The idea of using a simplified inviscid model to predict the fan's performance in proximity to solid boundaries (e.g., ground and wind tunnel walls) is not new. Using potential flow theory (inviscid and irrotational flow), several approaches have been developed to model the GE on hovering fans when the fan is not very close to walls and the rotational interactions are negligible. In these studies, the effect of the solid boundary is represented using mirror images such that the zero normal velocity condition is satisfied automatically (method of images). For instance, in [27] and [28] , the fan is represented by a sink and a source, respectively. The source model is very simple and quick, and yet surprisingly accurate in view of predicting the performance of a hovering fan in GE. A potential source, however, is directionally uniform and cannot be used to study directional flow of a fan (when the fan is tilted for example). Some efforts have been made to develop a directional source model to predict the directional flow of a fan in forward flight and good agreement with experiments has been achieved [28] . However, such a model is not physically consistent with the potential flow theory and uses ad-hoc assumptions. Thus, it cannot be extended for other configurations outside the specific problem being considered. More complex methods, such as free vortex methods [11, 29] , can accurately predict the fan's wake for a wide range of configurations, but they require much more computational effort. These models, therefore, are not practical for online flight control of small UAVs. The great consistency of the results of these studies [11, [27] [28] [29] with experiments supports the idea of using a potential flow model to achieve online predictions.
Despite many studies for GE, very limited information is available for wall effects on fan performance. This is probably because of the fact that the subject of this paper, i.e. flight in confined spaces is rather a new area which has not been considered in past uses of aircraft. Ground/Wall Effects (GWE) studies are now needed as the development of small and median UAVs capable to operate indoors are becoming more common. While there is limited research on the wall effects for the objective of this work, related information can be found in studies with similar flow structures such as studies on the helicopter flight in proximity to ship deck [30, 31] , and low speed forward flight of helicopters in GE [11, 12] . Both these studies predict a recirculation in proximity of the rotor which increases the inflow to the rotor and consequently increases the power requirements.
In this work, comprehensive CFD simulation studies were performed to characterize the trends of changes in the forces of a ducted fan hovering in GWE. Subsequently such trends were used to develop a simple and computationally inexpensive model; yet capable to capture these trends accurately. Three parameters were examined: i) height above the ground (h), ii) distance from the wall (d), and iii) fan tilt angle (q). The geometry of the study is shown in Figure 2 . The VBM approach and a commonly used turbulence model (standard k-ε model) were employed in the CFD simulations. The results were assessed against the well known solution for wall jets and available experimental data for the thrust ratios in GE. Based on the CFD simulations it was shown that a simple potential model, with the same level of computational work as the source model, can be used to predict the fan performance in GWE. The proposed model is practical for online predictions, but due to its great simplicity the reliability of the predictions remains as a valid question. Thus, in order to find the range of applicability of the model, CFD simulations were performed for a wide range of distances of the fan from ground and wall. The obtained results were used to evaluate the predictions of the potential flow model. 
METHODOLOGY
In this section, first the computational procedure is described. Then, the developed potential flow model is presented. Finally, the method used here (dynamic similarity) to relate the data in different flight conditions is described. Using such a method the results from the potential model (constant power condition) can be related and compared to the CFD simulation results (constant fan speed flight). The flowchart of the methodology is shown in Figure 3 . 
Numerical Procedure
The CFD simulations were performed in the commercial software Fluent, version 6.3.26. The incompressible RANS equations with the standard k-ε model [32] were used. In the k-ε model Reynolds stresses are approximated by the Boussinesq eddy-viscosity relation:
where m T is the eddy viscosity, defined as:
The turbulent kinetic energy, k, and the dissipation rate, e, are defined by eqns (3) and (4):
The closure constants s k , s e , C 1e , C 2e and C m for the standard k-ε model have the following values [32] : (5) The value of the constants is taken from experiments, for example C m is taken from channel flow experiments and C 2e is taken from grid-turbulence experiments [33] . This k-ε model is not reliable in the wall buffer layer and viscous sublayer. Thus, it is usually combined with a wall function to simulate the near-wall flow behavior [33] . In the presented work, due to the large pressure gradients under the fan, the Non-Equilibrium Wall Function [34] was employed.
To discretize the flow equations, the SIMPLEC algorithm [35] was used in combination with the second order upwind scheme [36] to estimate the fluxes at the cell faces.
The details about the boundary conditions and the computational grid used to solve the flow equations are presented in the next sections. Once the flow is obtained from the computational simulations, the fan forces can be calculated from the integral form of the momentum equations over a control volume around the ducted fan. Subsequently the fan power can be obtained by multiplying the fan's thrust by the average axial velocity through the fan.
Boundary Conditions
In order to solve the flow equations, appropriate boundary conditions for the computational domain must be defined. The outer boundaries of the computational domain are set to be far enough from the fan such that the static pressure is assumed to be ambient. For all other variables, the Neumann zero gradient boundary condition is used. To ensure that these two conditions are satisfied on the computational domain a number of simulations were performed (further discussed in Section 2.1.3).
The non-equilibrium wall function implies a logarithmic profile for the velocity on the adjacent cells to the wall, as per eqn (6), since it is assumed that the adjacent cells to the wall are located in the logarithmic layer (i.e., 30 < y * < 300), (6) where k is the von Karman constant (= 0.4187), E is an empirical constant (= 9.793), and Ũ * and y * are the dimensionless mean velocity and wall distance, respectively. For the non-equilibrium condition Ũ * is given as:
and y * is defined as: (9) Note that in the local equilibrium condition, y * is equal to the equilibrium dimensionless wall distance, y + . However, in the non-equilibrium conditions, y * can be significantly different from y + .
For turbulent kinetic energy the following boundary condition is imposed at the solid boundaries:
where n is the unit wall normal vector. Using this boundary condition, the k-equation, eqn (3), is solved for all the cells in the computational domain. However, the obtained value of k (denoted as k p ) at the adjacent cells to the wall is modified as per eqn (11) . The value of dissipation rate in the boundary layer cells is obtained from the values of k as per eqn (12) .
In eqns (11) and (12), y v is the physical viscous sublayer thickness defined as:
where y * v = 11.225. For this value of y * v , in zero pressure gradient and local equilibrium condition the universal law of the wall is recovered [33] .
Fan Modeling
Meshing the fan with the detail geometry of the blades requires a large number of grid cells and adds unnecessary computational work. In order to reduce the complexity of meshing, the fan is represented by the Virtual Blade Model (VBM). Two alternatives for VBM can be employed [23] : momentum disc and pressure disc. In the first approach, aerodynamic forces on the fan blades are calculated, using the available blade element theory for example, and the effects of the generated forces are added to the momentum equation as source terms. In the second approach, the disc is considered as an actuator disc which introduces a pressure rise across the disc. Here the second approach is used since it requires less computational resources, while yielding acceptable results when using a reasonable prescribed boundary condition. The pressure jump condition on the fan was defined by the fan characteristic curve. This curve relates the pressure jump to the average axial velocity on the fan at constant rotational speed. Since fan characteristic curves generally follow the same trend [37] , a typical fan characteristic curve was used (shown in Figure 4 as the polynomial approximation). To obtain such a curve, the experimental data available for a typical fan [38] were scaled to match the fan parameters used in the experimental UAV (eVader). In other words, the axes were scaled such that the fan thrust out of ground effects is approximately the same as the weight of the UAV. It should be noted that, due to the fan characteristic curve used for fan modeling, a constant fan rotational speed condition is imposed. Therefore, the fan forces obtained from the CFD simulations are for a constant fan rotational speed condition. These results can be extrapolated to other flight conditions using the procedure explained in Section 2.3.
Computational Grid and Grid Study
Two types of computational grids were used: axisymmetric or two-dimensional, for the GE simulations; and three-dimensional, for GWE and tilting simulations. To generate optimum computational grids which provide accurate solutions; first an optimum two-dimensional grid was generated. To obtain such a grid, the grid study was performed in two steps: i) Obtaining the optimum domain sizes such that the Neumann outflow condition at the boundaries is satisfied, ii)
Finding the optimum grid density. Subsequently, based on the obtained two-dimensional grid, the optimum three-dimensional grid was generated.
For the first step of the grid study, simulations were performed on two domains: cylindrical and hemispherical, as shown in Figure 5 . To obtain the size of the domain, simulations were performed on grids with four different radii (D): 5R, 9R, 13R and 26R, where R is the radius of the fan. The effect of the outer boundary's shape and the domain size on the solution is negligible when the boundaries are far enough such that the solution corresponds to a semi-infinite domain. Thus by comparing the solutions obtained from these different grids, the sufficient domain size can be obtained. In Figure 6 , the momentum thrust (thrust due to change of the momentum over the control volume considered around the ducted fan for force calculations) is plotted for the four cylindrical domains with different radii. The plot shows that the two largest domains (13R and 26R) provide very similar results (i.e., the outer boundary effects are negligible) and thus the 13R grid was used. The hemispherical domain also converged to the same values at 26R (about 0.2% error in thrust values). A lesser degree of skewness of grid cells could be achieved with the cylindrical grid, hence it was chosen for the simulations.
F Fi ig gu ur re e 6 6: : Difference in the momentum thrust obtained from the four cylindrical domains considered for the study of the outer boundary effects.
To examine the grid density, similar simulations were performed on four grids (all cylindrical with radius of 13R) each having a different cell size: i) 115x130, ii) 230x260, iii) 460x520 and iv) 920x1040. Then the solutions obtained from the four grids were compared. The change in the momentum thrust, as an example, is plotted as a function of the average cell size in a semi-log scale in Figure 7 . The solutions on the 3rd (460x520) and 4th grids (920x1040) are very close (1.1% difference) which shows further refining is not necessary and the solution is converged. The 3rd grid is much more accurate than the 1st and 2nd grids (18.8% and 7.1% deviation from the converged solution, respectively). Therefore, the 3rd grid was chosen for the axisymmetric simulations. To reduce the computational work for the three-dimensional cases, a non-conformal grid was generated ( Figure 8 ) where two different grid densities at different regions were used. At regions close to the fan (inner region) the 3rd grid density (i.e., 460x520) was used while at the outer region the 2nd grid density (i.e., 230x260) was used. The width of the inner region was 5R in all the directions unless restricted by ground/wall. To determine the size of the domain, a number of simulations on grids with similar densities but larger sizes were conducted. It was observed that in the presence of a side wall the outer boundaries must be 23Rx23Rx33R away from the fan. 
Evaluation Test
In order to evaluate the accuracy of the CFD simulations, the flow field obtained for the ducted fan in GE was compared with the well known wall jet solution. It is known that, the velocity profiles of a fully developed wall jet are self similar [39] . In other words, if the radial velocity is normalized by the local maximum velocity (U m ), and the axial position is normalized by the wall jet thickness (d), the velocity profiles coincide. The wall jet thickness is defined as the height of the point where the velocity is half of the local maximum (Figure 9 ). The normalized radial velocity profiles in the wall jet region are plotted in Figure 10 . Except at z/R = 2 (where z is the radial position), all the profiles coincide. It shows the self similarity of the solution at positions larger than z/R > 3 and suggests that the wall jet is not fully developed at z/R < 3. From the self-similar solution, it is shown that the rate of change of the local maximum velocity has a power law form, and for Reynolds number in the conducted simulations (about 10 6 ) the value of the power is predicted to be between -1.05 and -1.096 [39] . The local maximum velocities are plotted in Figure 11 in a logarithmic scale. The plot shows that the velocities are consistent with this prediction, except at close distances to the impingement region where the flow is not self-similar. While limited information is available for ducted fans, numerous experimental data is available for isolated (unducted) fans operating in GE. Hence, to evaluate the reliability of the CFD simulations in predicting the fan forces, the flow of an isolated fan at different heights above the ground was simulated. Using the procedure presented in Section 2.3, thrust ratios for constant power are calculated and plotted in Figure 12 . The experimental data [40] from the flight tests on different helicopters (OH-6A, UH-1C and OH-58A) and experiments performed by Fradenburgh [14, 15] are also presented. The consistency between the results obtained from this work with the experimental data on the other typical fans provides confidence in the results of the CFD simulations.
F Fi ig gu ur re e 1 12 2: : Comparison of the CFD simulation results on an isolated fan with experiments.
Potential Flow Model
The flow above a fan is similar to a sink but modeling the fan as a sink [27] results in trends contradictory to the experimental data; i.e., in GE thrust decreases for a constant power. This is due to the fact that the fan performance in GE is mostly dependent on the flow pattern beneath the fan, which is more similar to a source rather than a sink. The fan has been represented by a source in [28] and the predicted trends agree well with experiments. The source model, however, is directionally uniform and cannot represent the directionality of the flow of a tilted fan. In an effort to represent the directionality of the flow field of a fan in forward flight, a directional source is proposed in [28] . This model, however, does not satisfy the Laplace equation and is not consistent with potential flow theory.
In order to propose a potential flow model which can represent the directional nature of the fan behavior, herein, the combination of a sink (representing the suction of the fan) and a source (representing the flow below the fan), i.e., a potential dipole, is used. The dipole model can represent some of the fan flow characteristics which were not modeled accurately in the sink and source model. For example, the net flow rate of a sink/source is not zero while it is zero for a dipole (and a fan). Moreover, a dipole, similar to a fan, is a directional element. Therefore, one can expect that the dipole can predict the fan behavior more accurately compared to the sink/source model. In Figure 13 , the potential functions (j) and the streamlines of a potential sink, source and dipole in GE are presented. Since the dipole is a solution of the ideal flow equations, it is expected that the model fails to accurately predict the fan performance when the fan is located at very close distances to the walls and boundary layer fluid is recirculated through the fan. Therefore, to find the range of applicability and the limitations of the model, CFD simulations were performed for a wide range of distances from the ground/wall. The forces, similar to the CFD simulations, can be found from the integral form of the momentum equations over a control volume around the dipole. For the thrust, however, the control volume approach does not yield acceptable trends since the dipole, similar to other potential flow solutions, cannot represent the irreversible effects of the fan (the jump in the total pressure across the fan). Instead, another approach which yields acceptable values for the thrust has been used in the literature [27, 28] . The ground effect alters the mass flux of the fan and thus changes the fan performance. Hence, the changes in the fan performance can be related to the induced velocity on the fan by the ground. This can be achieved by considering a constant power for the flights in and out of GE: (14) where V is the axial velocity on the fan, T is the thrust, the subscript ∞ denotes out of GE and G denotes in GE. Thus, the thrust ratio is inversely proportional to the fan axial velocities: (15) The change in the fan axial velocity in GE is equal to the induced velocity on the fan by the image in the direction of the fan axis, V i . Thus eqn (15) yields the following equation:
For a fan in GWE, the procedure is the same and the only difference is that three images must be considered instead of one.
The value of V i is dependent on the strength of the dipole, which must be defined based on the fan characteristics. In this work, by assuming at height h 0 the thrust ratio T h 0 is given, the dipole strength is calculated. From eqn (16):
Zahra Hosseini, Alejandro Ramirez-Serrano and Robert J. Martinuzzi At this height the induced velocity by the image on the dipole is: (18) where h is the dipole strength. By combining eqns (17) and (18) the following equation for the dipole strength is obtained: (19) In this work, the strength is set based on the thrust ratio obtained for a fan at 1R above the ground. In all the thrust calculations only the ratio h͞V ∞ appears and the explicit value of the dipole strength is not required. However, for the other component of the force calculated from the integral form of the momentum equations, the explicit value of the dipole strength is required. The same procedure can be used, the force at one point is calculated from the dipole model as a function of the dipole strength and based on the corresponding CFD simulations the explicit value of the dipole is calculated. Here, the fan tilted by 10˚ (0.1745 rad) at height of 1R above the ground was used to calibrate the dipole strength.
Evaluation Test
In order to evaluate the capability of the dipole model, the predicted thrust ratios for an isolated fan are compared to experimental data for two fans with different characteristics [14, 15] . The experimental data and the dipole prediction for the two fans are shown in Figure 14 , where the predicted values from the source model [28] are also presented. From the plot it can be observed that, except at very close distances to the ground, the dipole model predicts the trends for the different fans accurately. The source model, however, predicts one curve for different fans since the strength is defined only based on the average axial velocity on the fan. 
Relating Fan Performance in Different Flight Conditions
From the dipole model, thrust ratios are found for a constant power and from the CFD simulations, thrust ratios are found for a constant fan rotational speed. However, in order to compare the results, the flight condition must be the same for both models. Therefore, a method must be used to extrapolate the fan performance characteristics from one condition to another.
In this work, the performance characteristics were obtained at different flight conditions by considering dynamic similarity, and assuming power and flow rate coefficients, denoted as C p and C Q respectively and defined per eqn (20) , are the dominant non-dimensional parameters. In order to relate the data from CFD simulations (constant fan speed) to the results from the dipole model (constant power) the following procedure was used: Let point 1 denote the flight out of GE, 2 the flight in GE with the same fan rotational speed as that of point 1, and 3 denote the unknown point equivalent to point 2 but with the same power as point 1 (Figure 15 ). Point 3 is dynamically similar to point 2, and thus the non-dimensional parameters are the same, i.e., C P,2 = C P,3 and C Q,2 = C Q,3 . By combining these two equations and knowing power is equal to the thrust times the average axial velocity of the fan, thrust ratio for constant power condition is found per eqn (21) .
Practically, in hover (and flights with no significant vertical acceleration), the thrust is almost constant and equal to the weight of the vehicle. Thus, it could be more useful to fix the thrust and find the corresponding required power. A similar procedure as the one explained above can be used to find eqn (22) for a constant thrust condition, where point 4 denotes the similar point to point 2 with a thrust equal to point 1: (22) By using the same procedure, the data from a constant power condition can be related to a constant thrust condition. There are other possible ways to relate the information in one flight condition to the others. For example in [25] and [40] two different methods have been used to find the power ratios for a constant thrust from the source model [28] . The obtained results from these two methods are plotted in Figure  16 . In this figure the power ratios obtained from the described method in this section as well as the results obtained from the empirical model presented in [41] are also shown. From the figure it can be observed that the method used in this work results in closer values to the empirical model. 
RESULTS AND DISCUSSION
Four sets of CFD simulations were performed: 1) ducted fan in GE at different heights (h); 2) ducted fan in GE at h͞R = 1, and with different tilt angles (q ); 3) ducted fan in GWE at h͞R = 1, and different distances from the side wall (d); and 4) ducted fan in GWE at h͞R = 1, d͞R = 2 and with lateral (around the global Y-axis) and longitudinal (around the global Z-axis) tilt angles (q 1 and q 2 ). The geometries as well as the global (uppercase letters) and local (lowercase letters) frame of references are shown in Figure 2 . The results obtained from the simulations were transformed to constant power condition and were compared to the dipole model predictions. In the following four sub-sections the comparisons are presented.
Ground Effects
The thrust ratios obtained for constant power and constant thrust conditions are plotted in Figures 17  and 18 , respectively. The figure shows that, as reported in the literature, at closer distances to the ground for a constant power, thrust increases, or equivalently for a constant thrust, power decreases. The dipole model predictions match well with the CFD simulations except at 0.7R where the fan is very close to the ground and thus the viscous effects are not negligible.
An estimate of the irreversible losses (i.e., effects that are not captured with the dipole model) can be obtained from the steady momentum equation to get the following equation: (23) where s denotes the direction of the streamlines; and the effective viscosity, m e , in laminar flows is the molecular viscosity while in turbulent flows represents molecular and turbulent viscosity. Both of these effects (molecular/turbulent viscosities) are not captured by the dipole model and thus, for the current purpose, there is no need to separate them. This equation states that the change in the total pressure is equal to the energy dissipated by viscosity per unit area.
The viscous effect on the fan performance was estimated by the difference in the total pressure of the flow exiting the fan and the flow spreading out from the deflection region. The total pressure for the fan at height of 1.5R above the ground, as an example, is shown in Figure 19 . The results are presented in Table 1 . These values show that irreversible effects above 1R are relatively small. 
Tilt in Ground Effects
As the fan tilts in GE, a portion of the blocked flow under the fan escapes from one side and thus thrust decreases. Moreover, since the flow is not axisymmetric around the fan axis, the force normal to the fan axis (in the local z-direction) is not zero. The changes in the thrust and the normal force (F n ) obtained from the CFD simulations and the dipole model are plotted in Figures 20 and 21 . The consistency of the CFD simulation results and the dipole predictions shows the capability of the dipole model in predicting the tilting effects on the fan performance. Figure 20 shows that as the fan tilts the thrust reduces, however, the changes are very small (less than 3%) and practically the thrust (and power) remains constant. The normal force, on the other hand, can vary significantly (more than 10% of T ∞ ) and may affect the flight performance considerably if not compensated correctly. From Figure 21 , it can be observed that the force can be approximated linearly.
F Fi ig gu ur re e 2 20 0: : Thrust ratio for a fan at 1R above the ground as a function of tilt angle. F Fi ig gu ur re e 2 21 1: : Normal force for a fan at 1R above the ground as a function of tilt angle.
Ground/Wall Effects
To characterize the GWE on the fan forces, CFD simulations were performed for the fan height of 1R above the ground and different distances from the wall. As the fan approaches the lateral wall (i.e., from 8R to 3R) the thrust increases. This is due to the fact that, in the presence of a lateral wall, the fan downwash at the wall's side is restricted and thus the pressure in the region below the fan increases slightly. At very close distances (3R to 1.5R), however, the thrust decreases because of the development of a recirculation between the fan and the wall (Figure 22 ). The recirculation blows away the blocked flow under the fan and consequently, the thrust decreases. This trend is similar to those reported in low forward speed flights. In very low forward speeds, a recirculation develops in front of the rotor but as the speed increases slightly the recirculation disappears. In the recirculating regime, the thrust declines but as the recirculation diminishes the thrust increases [11, 13] .
The obtained thrust from the dipole model and CFD simulations for constant power condition are plotted in Figure 23 . The results match well at distances larger than 3R but there is a discrepancy at closer distances (the recirculating regime). The difference can be large at very close distances to the wall; however, this difference usually has no practical importance since, due to the fuselage geometry or installed sensors, it is not safe or even possible to fly at such close proximities.
The sectional streamlines in the symmetry plane, obtained from the CFD simulations and dipole model, are juxtaposed in Figure 22 . As expected, significant differences are observed in the vicinity of the solid boundaries where viscous effects dominate. Whereas the dipole model predicts recirculation between the flow and the wall for both d = 1.5R and 6R, the CFD simulations show that for d = 6R the low momentum fluid from the wall region is not re-entrained into the fan, such that the flow entering the fan has the same specific total energy as the ambient flow and, by extension, that contained in the potential dipole model. Conversely, the thrust reduction observed from the CFD simulations at distances smaller than 3R is a result of wall-fluid re-entrainment and cannot be predicted by the dipole model. F Fi ig gu ur re e 2 22 2: : Sectional streamlines in the symmetry plane for the fan at 6R and 1.5R from the side wall. The figures on the left side are obtained from the dipole model and the ones on the right side are obtained from the CFD simulations.
F Fi ig gu ur re e 2 23 3: : Thrust ratio for a fan at 1R above the ground as a function of distance from the side wall.
The normal force obtained from the CFD simulations in GWE as well as the dipole predictions are plotted in Figure 24 . The normal force shows a monotonic trend: as the fan approaches the wall, the force increases. At sufficiently close distances to the wall (d͞R = 1.5), the magnitude of the normal force can be more than 10% of the thrust out of ground effects. The direction of the force is towards the wall (i.e., it is negative) since in presence of the side wall the downwash of the fan is pushed away from the wall, resulting in a reacting force in the opposite direction.
The normal force obtained from the dipole model shows the same trend. However, comparing to the CFD simulations, the wall must be closer to the dipole to result in the same forces. This could be due to the fact that in the dipole model the fan is represented by a single point. This discrepancy in the dipole model prediction, however, is not critical since the trends are captured accurately. In Figure 24 , it is shown that, the polynomial curve fitted to the CFD simulation results passes through the dipole predictions too. Thus in cases where only the trends are required, the dipole model works fine. Even in cases where the exact values are important, a self calibrating algorithm can predict the force values via the dipole model, for example by estimating the forces at two points as the fan approaches the wall and adjusting accordingly.
F Fi ig gu ur re e 2 24 4: : Normal force for a fan at 1R above the ground as a function of distance from the side wall.
Tilt in Ground/Wall Effects
In order to examine the effect of tilting in GWE, the CFD simulations were conducted for a fan at height of 1R above the ground and a distance of 2R from the side wall with different tilt angles around the Yaxis. The resulted thrust ratios are plotted in Figure 25 . The results from both methods show that the thrust almost remains constant (the maximum difference is predicted to be less than 3% from the CFD simulations and less than 1% from the dipole model). In Figure 26 , the normal force calculated from the CFD simulations in constant fan speed is plotted. Since the thrust and the fan axial velocity do not change much, the power is also constant. From the CFD simulation results presented in Section 3.3 it was observed that in the dipole model, in order to predict a normal force with a value equal to those obtained from the CFD simulations, the distance from the side wall must be smaller. Thus, for the tilting calculations from the dipole model, the corresponding distance that results in the same normal force on a fan at 2R from the side wall was used. Figure 26 shows that the resultant forces agree well with the CFD simulations.
F Fi ig gu ur re e 2 26 6: : Normal force for a fan in GWE as a function of lateral tilt angle.
By comparing the values of the normal force with those obtained in Sections 3.2 and 3.3, it can be suggested that the normal force for a tilted fan in GWE, F n, tilt in GWE , is almost equal to the summation of the normal forces on the tilted fan in GE, F n, tilt in GE , and on the fan in GWE with no tilt, F n, GWE (respectively, circle points and dash line in Figure 27 ). Mathematically the above conclusion can be expressed per eqn (24):
For a fan tilted in GE (Section 3.2) it was concluded that at a fixed height the normal force can be approximated by a linear trend. Let K h/R denote the slope of the approximated line at height h, then eqn (24) is rewritten as: (25) where q 1 and q 2 are the fan's lateral and longitudinal tilts, both in radians, and J^and k are the unit vectors in y and z directions, respectively. Then, for h/R = 1 and d/R = 2 with a lateral tilt of q 1 the following relation is deduced: (26) which is very close to the trend obtained from the tilt simulations in GWE (the line shown in Figure 27 ).
In order to support this conclusion, the normal force was calculated for two longitudinal tilt angles 10˚ (0.1745 rad) and 20˚ (0.3490 rad). From eqn (25) , for a longitudinal tilt q 2 , h/R = 1 and d/R = 2, the normal force is given as: (27) The normal forces from the direct simulations (i.e., tilt in GWE) and from eqn (27) are presented in Table 2 . All the errors are less than 1% which supports the stated hypothesis. 
CONCLUSION
The objective of this work was to characterize the effects of ground/wall on the performance of a ducted fan and develop a simple model that can provide the control system with real time predictions. For this, detailed CFD simulations were performed in Fluent for different configurations of the fan-ground-wall. The methodology was chosen based on the previous approaches in the literature for similar flow types and the results were validated based on the available experimental and theoretical information. While the CFD simulations are accurate, they require large computational resources and long time to converge. For example, using 4 nodes each containing two dual-core 2.4GHz and 4GB RAM, a typical simulation of the ducted fan in GWE require 1-2 weeks to converge. In mini-UAVs there is not enough space to install the required hardware; and even if it was, the simulations are not fast enough for online flight control of small UAVs (where less than a second delay can reduce the control mechanism performance significantly). Several studies have shown that potential flow models can accurately simulate the fan flow in the proximity to walls. Therefore, in order to develop an online model, a dipole flow model was proposed. The proposed model is able to predict the fan performance changes at configurations that the fans can get in recent mini-UAVs designed for indoor flights. These configurations (e.g., fan tilting) were not possible to study with the previously proposed models with the same level of computational work.
By comparing the dipole predictions with the CFD simulation results, it was shown that the dipole model can predict the fan performance accurately. From both methods the following trends were observed for a ducted fan hovering in a constant power condition:
1.
The GE are negligible at heights above 2R. In GE as the ground is approached the thrust increases. For typical ducted fans this change is seen to be more severe. For example at 1R above the ground, while the change in the thrust for an unducted fan is about 10% of the thrust out of GE; for a ducted fan it is about 20%. The presence of the side wall does not affect the thrust significantly. However, it introduces asymmetry into the flow and thus the normal force is non-zero. The value of this force, for the height of 1R above the ground, is negligible at distances larger than 6R from the side wall. This limit will probably be larger at lower heights since the blockage effects due to the side wall will be stronger at lower heights.
3.
In out of GWE region, fan tilting does not change the fan performance significantly. When the fan tilts in GWE, the thrust almost remains constant however the normal force changes. The trend of this change is almost linear even at the largest angle considered in this study. The dipole model has two parameters that must be defined based on the fan characteristics; the induced velocity out of GE and the strength. Herein, these parameters are defined based on the fan thrust at one height above the ground and normal force on a tilted fan at one height in GE. During the flight, the information at these two points must be estimated first (using sensor information and an iterative procedure for example) and the dipole parameters must be calibrated accordingly. Once these parameters are set, the dipole model can provide online predictions for other configurations. It may be more desirable to define the dipole parameters based on the fan characteristics and without any further information about the fan performance in GWE. In this paper it was not investigated if there is a way to define the dipole parameters independently. The focus was to show a simple potential flow model with coefficients defined empirically is in good consistency with the simulations which solve higher complexity physics.
A real time, predictive model for GWE can improve the control system effectiveness in different ways. For example, the flight path can be easily predicted while it is extremely difficult with iterative methods. Predicting the path is important in view of optimizing the energy and increasing the safety of the flight. Moreover, compared to iterative mechanisms, less time is required to compensate for GWE and thus faster maneuvers are possible. For very fast maneuvers, however, the results of this work may not be applicable since only the hover condition is considered and dynamic GWE are not studied.
While the predictions are greatly improved over the previous real time models, similar to any potential flow, the dipole model cannot capture the irreversible effects and fails at regions where these effects are not negligible. These limits were determined based on the comparisons with the CFD simulations. In real flights achieving these limits may not be possible due to other limitations such as fuselage shape and sensors, and thus the dipole limitations may not be practically important.
Another limitation of the dipole model is in predicting the normal force values in GWE. Since only a single point dipole is used to represent the fan, it is observed that the dipole must be located at closer distances to the wall to predict the same force values as the fan. However, the trends are accurately predicted. Hence, as the fan approaches the wall, the normal force at two points can be estimated to calibrate the dipole model.
